In the contact metamorphic aureole of the Duluth Complex, Cu-Ni-PGE mineralization occurs locally up to 100 m from the intrusion-footwall contact (Spruce Road area), whereas elsewhere (Dunka Pit deposit) the footwall granite and metapelite (Serpentine deposit) are barren. This study aimed to understand the effect of temperature and halogen fugacity variations on the presence or absence of mineralization in these footwall units. The mafic mineral assemblages, two-pyroxene, titanium-in-quartz, and biotite-apatite thermometers indicate that temperatures could be as high as 920 • C in the mineralized areas of the footwall, whereas the maximum temperature was lower by about 100 • C in the unmineralized part of the intrusion. Variation of the halogen concentrations and fugacities was monitored with the analysis of halogen concentrations in biotite and apatite. Fluorine and chlorine concentrations in biotite increase as a function of the distance from contact in the mineralized drill core and decrease in the unmineralized zones. Chlorine concentrations in apatite increase parallel with the distance from contact in the mineralized zones, whereas fluorine concentrations show only minor variation. Concentrations of these elements may have had subtle effect on the partial melting in the footwall units and indirectly facilitated the infiltration of the sulfide liquid into the footwall.
Introduction
Interaction between voluminous mafic intrusions with country rocks results in the formation of thick contact metamorphic zones, such as in Bushveld Complex, South Africa; Portimo Complex, Finland; and East Bull Lake Intrusive Suite, Canada [1, 2] . The interaction may generate partial melting and circulation of hydrothermal fluid flow in the footwall of large igneous complexes, as seen in Sudbury Igneous Complex [3] [4] [5] [6] [7] , and injection and assimilation of partial melts and volatiles from the footwall rocks [8] [9] [10] . These processes also influence the transport and crystallization of base and precious metals, and accordingly, the formation of Cu-Ni-PGE sulfide deposits in the contact which are surrounded by actinolite, chlorite, quartz, calcite, prehnite, and pumpellyite bearing alteration [39] . These late veins also locally occur in the intrusion [9] .
South of the Birch Lake deposit (Figure 1c ), the Giants Range batholith is unconformably overlain by the Early Proterozoic Biwabik Iron Formation. The Biwabik Iron Formation is conformably overlain by the Virginia Formation that forms the direct footwall of the South Kawishiwi intrusion in this area. The Virginia Formation is comprised of graphite-and pyrite-bearing argillite, siltstone, and greywacke, interbedded by chert and limestone layers [40] . Where the Virginia Formation was intruded and partly assimilated by the mineralized intrusions (South Kawishiwi-, Partridge River-, Bathtub intrusions; Figure 1c ), it provided a local sulfur and also semimetal source for the pyrrhotite-dominated massive sulfide mineralization at the bottom of the intrusions [14, 37, [40] [41] [42] [43] [44] . Partial melting of the Virginia Formation is discussed in other studies [15, 16] . According to these observations, the partially molten meta-argillite contains 2.4 modal percent leucosome (segregated partial melt) that formed within a matrix consisting of 40.5% in-situ newly formed partial melt (neosome) and 57.1% cordierite + plagioclase framework, which was not affected by the partial melting. The neosome crystallized to biotite + quartz + plagioclase ± K-feldspar. Small micropores formed during initiation of partial melting coalesce into small elliptical micro-leucosomes. In the next phase, these micropores grow and form an en echelon array of microleucosomes. Finally, the microleucosomes with high aspect ratios (the ratio of length to width~30) fill up a network of interconnected fractures.
Sampling and Methodology
Samples were collected from the Drill Core Library Minnesota Department of Natural Resources, Minerals Division in Hibbing. Footwall rocks were sampled at three deposits, in three vertical drill cores ( Figure 1c ). The mineralized charnockite was sampled in the WM-002 drill core at the Spruce Road deposit, whereas the barren charnockitic footwall is represented by samples from the NM-57 drill core at the Dunka Pit deposit. The unmineralized metapelite samples are from the B1-178 drill hole at the Serpentine deposit. Additional aspects of selecting drill cores for sampling were as follows: (1) the apparent thickness of the drilled footwall (2) availability of previous data for the studied deposits and (3) accessibility of the drill cores. An aim of the sampling was to set up halogen and temperature profiles in various footwall rock lithologies, mineralized and unmineralized, in the possible maximum vertical extent. From the samples, altogether 72 polished thin sections have been prepared and studied under transmitted and reflected light microscopes.
A JEOL 6310 SEM (Scanning Electron Microscope) equipped with a Link ISIS energy dispersive system and a Micro-Spec wavelength dispersive system at the Institute of Earth Sciences, University of Graz was used for analysis of the composition of minerals. Accelerating voltage for silicates and phosphates was 15 kV and the probe current was 5 nA. Detection limits are 0.1-0.2 wt. % for Energy Dispersive X-ray (EDX) and 0.03 wt. % for WDX (Wavelength Dispersive X-ray) analysis. Chlorine concentrations in biotite and apatite were measured with EDS, whereas fluorine concentrations were measured with WDS. The standards were atacamite for chlorine and apatite S3 Wilberforce for fluorine. The error of the F and Cl analysis in biotite are around 15% and 10-50%, respectively. Analysis of halogens in biotite as well as in other minerals is difficult, as these elements diffuse easily from the crystal lattice even after short-time heating of the sample with the electron beam of the SEM. The errors will be therefore necessarily high especially if the halogen concentrations are close to the detection limit. Errors for F and Cl in apatite are around 3% and 10%, respectively.
Titanium in quartz analysis was performed using the JEOL Superprobe JXA-8200 at the Eugen Stumpfl Electron Microprobe Laboratory of the Universitätszentrum für Angewandte Geowissenschaften (UZAG), Steiermark, and at the Mining University of Leoben, operated at 15 kV accelerating voltage, 50 nA beam current,~1µm beam diameter, and counting times of 100 and 300 s for peak and backgrounds, respectively. Reported precisions are based on cumulative counting statistics.
Results

Petrography
Unmineralized Charnockite at the Dunka Pit Deposit (NM-57 Drill Core)
The charnockite is both compositionally and texturally heterogeneous in the NM-57 drill core ( Figure 2 ). Major constituents of the medium-grained (500-1000 µm) charnockite are plagioclase, orthopyroxene, clinopyroxene, biotite, K-feldspar, quartz, titanomagnetite (complex Fe-Ti-oxide crystals with magnetite and ilmenite exsolution lamellae), and apatite. The texture of the charnockite is hetero-granular granoblastic. Locally subhedral feldspar crystals (200-400 µm) form a polygonal texture. Pyroxene and biotite occur in various textural forms. Orthopyroxene (250-750 µm) encloses fine-grained (~100 µm) corroded biotite crystals, indicating incomplete breakdown of biotite during peritectic reactions. This early resorbed biotite (biotite I) is presumably the remnant of rock-forming magmatic biotite from the granite protolith (Figure 3a,b) . The second generation of euhedral or subhedral rosette-like, reddish-brown biotite (300-600 µm) replaces either orthopyroxene or forms flakes between plagioclase crystals ( Figure 3c ). This second generation of biotite (biotite II) most likely crystallized as a result of melt-solid reaction [45] or by melt-back reaction. Clino and orthopyroxene (250-750 µm) is subhedral or euhedral (Figure 3d ), and in some rare cases has an amphibole rim. Apatite is intimately intergrown with the flakes of biotite II (Figure 3e-g ). Occurrences of films and pools of symplectite coronas around feldspars and patches in the contact of quartz and feldspar indicate partial melting in the charnockitic host up to 125 m from the intrusion-footwall. Coalescence of partial melt droplets into fracture filling masses was only locally observed up to 15 m from the intrusion-footwall contact.
The granite was intruded by mafic sills, aplite, and pegmatite dykes ( Figure 2 ) prior to the charnockitization i.e., the formation of the South Kawishiwi intrusion. These sills are mineralogically identical with the host granite, only the modal proportion of mafic minerals is higher (visual estimation) resulting in a darker color of the rocks. In the proximity of the intrusion-footwall, intense recrystallization and abundant partial melting features make the distinction between the host charnockite and the sill difficult. In some sills in the close proximity to the South Kawishiwi intrusion, evidence of in situ melting (in situ melt-partial melt that remained in contact with its residuum) attributes are common. The in-source leucosome veins (e.g., product of crystallization of a partial melt that has migrated away from the place where it has been formed but is still within the source rock- [45] ) are feldspar rich.
Apatite is intimately intergrown with the flakes of biotite II (Figure 3e-g ). Occurrences of films and pools of symplectite coronas around feldspars and patches in the contact of quartz and feldspar indicate partial melting in the charnockitic host up to 125 m from the intrusion-footwall. Coalescence of partial melt droplets into fracture filling masses was only locally observed up to 15 m from the intrusion-footwall contact. Graphic logs of the footwall part of the sampled drill cores at the Serpentine, Dunka Pit and Spruce Road deposits. Abbreviations: SKI-South Kawishiwi intrusion, po-pyrrhotite, pn-pentlandite, ccp-chalcopyrite, bn-bornite, mi-millerite, act-actinolite, chl-chlorite, cc-calcite, qtz-quartz, preh-prehnite, pump-pumpllyite, PGM-platinum group minerals). Graphic logs of the footwall part of the sampled drill cores at the Serpentine, Dunka Pit and Spruce Road deposits. Abbreviations: SKI-South Kawishiwi intrusion, po-pyrrhotite, pnpentlandite, ccp-chalcopyrite, bn-bornite, mi-millerite, act-actinolite, chl-chlorite, cc-calcite, qtz-quartz, preh-prehnite, pump-pumpllyite, PGM-platinum group minerals). The charnockite in the footwall of the South Kawishiwi intrusion at the Spruce Road deposit is lithologically homogeneous: no aplite, pegmatite, or mafic sills are found in the WM-002 drill core. Texturally, the charnockite is porphyroblastic which reflects the porphyric texture of the protolith monzonite.
The footwall rock units mainly consist of plagioclase, ortho-and clinopyroxene, and biotite ( Figure 4 ). Accessory minerals are magnetite, +/-ilmenite, apatite, and titanite. Plagioclase porphyroblasts (1-2 mm) developed antiperthite exsolution of K-feldspar upon cooling after the emplacement of the intrusion. Adjacent to the contact these have sieve textures due to partial melting. Ortho-and clinopyroxene is present in the footwall up to 125 m from the contact. Euhedral or subhedral (500-700 µm) enstatite and augite occur between feldspar porphyroblasts. Enstatite is locally replaced by biotite, whereas augite is locally replaced by amphibole. In the pyroxene crystals, no exsolution lamellae were observed.
Two generations of biotite were observed. The presence of corroded magmatic biotite I (20-50 µm) as a relict of an incomplete peritectic reaction was observed in only a few samples. Occurrences of the rosette-like biotite II (50-200 µm), which replaces either orthopyroxene or forms flakes between feldspar porphyroblasts (Figure 4f ), is rather ubiquitous, but the modal proportion of biotite II varies abruptly along the drill core from <1% locally up to 40-50%. Very high modal proportions of biotite II are characteristic in partial melts associated with plagioclase, apatite, and magnetite (Figure 3f Apatite occurs as an accessory mineral in small amounts (<1%) in the charnockite. Needle-like or columnar crystals (100-300 µm) form inclusions in recrystallized feldspars or as individual crystals between recrystallized or porphyroblastic feldspars. The intergrowth of apatite with recrystallized plagioclase, as well as with biotite II in the neosome, suggests that apatite crystals grew during partial melting of granitoids in the footwall (Figure 4f ).
Evidence for partial melting is abundant in the entire studied section of the drill core. The evidence is as follows:
(1) Ortho-and clinopyroxene have well-crystallized crystal faces against quartz and feldspars that occur between plagioclase porphyroblasts (Figure 4a ). Euhedral crystal faces against the quartz and feldspar that crystallized from the partial melt prove that pyroxene grew during the contact metamorphism. Mineralization in the proximal 10-15 m section of the footwall is pyrrhotite-pentlanditechalcopyrite-PGM-rich and the texture of the mineralization is semi-massive, net-textured (Figure 4a,c) . Sulfide minerals often fill in the empty space that remained after the melting of the primary feldspars. It was suggested by [21, 22] that sulfide mineralization in this proximal part of the drill core was formed by the infiltration of sulfide liquid from the basal zones of the troctolitic intrusion. In the distal 15-100 m section of the footwall, the mineralization is rich in chalcopyrite + bornite + PGM. Sulfide minerals occur together with crystallized partial melt pools, but a major difference compared to the proximal part is that in this distal zone biotite II is always present around the sulfide minerals.
4.1.3. Unmineralized Metapelitic Hornfels at the Serpentine Deposit (B1-178 Drill Core)
The Virginia Formation adjacent to the South Kawishiwi intrusion appears as a grey, fine-grained (<250 µm) metapelite with a granoblastic texture. The major constituents of the metapelitic hornfels are plagioclase (~100 µm), orthopyroxene (~100 µm), cordierite (~150 µm), biotite (50-500 µm), K-feldspar (250-500 µm), and quartz (250-500 µm). Apatite, pyrrhotite, chalcopyrite, graphite, and magnetite occur as accessory phases. Petrographic indications of partial melting are abundant close to the intrusion-footwall in the studied section of the B1-178 drill core. For the in situ partial melt patches (a partial melt that ponds and does not mobilize at the site of the melting; Figure 4g ) [45] , biotite and plagioclase are enclosed by quartz and K-feldspar that crystallized last. Smooth crystal faces of plagioclase, biotite, and cordierite were interpreted as products of crystallization in a diatexite migmatite [45] . Orthopyroxene is euhedral and is interpreted as the product of the melting of biotite in a diatexite migmatite [16, 17] . Biotite and apatite are generally intimately intergrown or apatite occurs as euhedral crystals in pockets which were formed by the crystallization of partial melt droplets (Figure 4h ). Locally, in-source partial melt veins are composed of subhedral quartz, plagioclase, and K-feldspar (250-1000 µm), with abundant apatite crystals. In the partial melt veins, elongated biotite and pyroxene crystals are aligned in a parallel-subparallel direction, indicating flow direction of the partial melt.
Mineral Chemistry
Pyroxene
Representative compositions of pyroxene crystals used for the two-pyroxene thermometry [26] are given in Table 1 Quartz, in the form of partial melt films and pools in textural equilibrium with ilmenite, was only present in the barren charnockite (NM-57 drill core). Therefore, a systematic analysis on the variation of Ti concentration in quartz was conducted in this drill core. Analyses are summarized in Table 2 . Table 2 . Titanium content (given in ppm) of the analyzed quartz crystals in the partial melts and calculated crystallization temperatures. Average error of the individual measurements is ±8%.
(S = average of the individual Ti concentration measurements, given in ppm; σ = standard deviation of the titanium concentrations; a Ti = titanium activity in the quartz; S T ( • C) = temperature calculated from the average Ti concentrations given in Celsius degree; σT ( • C) = standard deviation of the temperature calculation, given in Celsius degree. The highest values in a sample 5 m beneath the contact, ranged from 260-420 ppm; the median of 12 measurements was 372 ppm. In the most distant sample, Ti in the myrmekitic quartz ranged from 127 to 200 ppm and the median of 15 analyses was 169 ppm.
Sample
Biotite
Representative compositions of biotite II (euhedral, rosette-like) are listed in Table 3 , and the classification of the biotite II compositions, based on their IV Al (atomic proportion per formula unit (apfu)) and Mg# (=Mg/(Mg + Fe 2+ ) atom proportion) content, are plotted in mineralized charnockite from 0.07 to 0.15 and from 0.02 to 0.19, respectively, but decreases with the distance from the footwall/intrusion contact in the barren charnockite from 0.3 to 0.09 apfu (Figure 6b ). Chlorine content in biotite from the metapelite was very low (<0.025 apfu) and displayed little variation with distance from the contact. Chlorine in biotite II in the barren charnockitic samples was always below the detection limit (0.1 wt. %). Chlorine content of biotite II in the mineralized charnockite varied between 0 and 0.05 apfu and displayed an increasing trend with depth. Magnesium numbers (Mg#) in the metapelite (B1-178 drill core) and in the mineralized charnockite (WM-002 drill core) increase from 0.35 to 0.63 atoms per formula unit (apfu) and from 0.66 to 0.77 apfu, respectively, with increasing distance from the intrusion/footwall contact. In the barren charnockite (NM-57 drill core), the Mg# does not show any systematic variation with depth (0.57-0.68) (Figure 6a ). The F content increased with increasing depth in the metapelite and in the mineralized charnockite from 0.07 to 0.15 and from 0.02 to 0.19, respectively, but decreases with the distance from the footwall/intrusion contact in the barren charnockite from 0.3 to 0.09 apfu (Figure 6b ). Chlorine content in biotite from the metapelite was very low (<0.025 apfu) and displayed little variation with distance from the contact. Chlorine in biotite II in the barren charnockitic samples was always below the detection limit (0.1 wt. %). Chlorine content of biotite II in the mineralized charnockite varied between 0 and 0.05 apfu and displayed an increasing trend with depth. 
Apatite
In order to trace variation in the activity of chlorine in the syn-metamorphic fluids, apatite crystals in textural equilibrium with euhedral biotite II crystals or in equilibrium with partial melts were selected for analysis. Representative apatite compositions are listed in Table 4 and plotted in Figure 6 .
The chlorine content in apatite from the metapelite was low (0.02-0.05 apfu) and the Cl/F (atomic ratio) varied between 0 and 0.05. The abundance of Cl in the barren charnockite shows a decreasing trend with depth (0.15 to 0.05 apfu), whereas the F content is rather constant (1.27-1.85 apfu). Therefore, the Cl/F atomic ratio decreases with increasing distance from the footwall-intrusion contact. In the mineralized charnockite, the abundance of F does not show variation (0.36-0.8 apfu), whereas the Cl content increase (from 0.03 to 0.39 apfu) with increasing depth. Accordingly, the Cl/F ratio increase with depth in the footwall. Independently of the Cl/F variations, in each samples the apatite has fluor-apatite composition (Figure 7a ).
For comparison, apatite in the Giants Range batholith, far from the intrusion (~15 km), was also analyzed. Apatite in the footwall granite is F-rich (0.9 apfu) with Cl content below the detection limit (Figure 7a ). 
Two-Pyroxene, Titanium-in-Quartz, and Biotite-Apatite Thermometry
The two-pyroxene thermometer was primarily developed for magmatic rocks [26] and it has several problems when applied to metamorphic rocks, primarily in granulites [46] . Nevertheless, meaningful data from the Agto granulite (West Greenland) were previously reported [47] . Compositions of enstatite and augite in textural equilibrium at the Spruce Road deposit indicate 900-1000 °C temperature up to 15 m from the intrusion-footwall contact and 700-750 °C temperature in the distal part of the contact aureole (up to 97 m from the intrusion-footwall contact). A systematic variation of temperature with depth was also observed in the barren charnockite. At 68 and 107 m below the intrusion-footwall contact the temperature was around 800 °C and 700 °C, respectively. Temperatures obtained with the two-pyroxene thermometers fit well to the previous temperature estimations [47] . As it is presented below, other thermometers confirmed the applicability of this method in the studied sections.
The theoretical and practical background of the Titanium-in-quartz thermometer has been published previously [27] and successfully applied to magmatic and metamorphic conditions. Applicability of the Ti-in-quartz thermometer for partially molten pelitic rocks was presented previously [48] . Ti content of quartz in Ti-saturated systems (in the presence of Ti bearing mineral The two-pyroxene thermometer was primarily developed for magmatic rocks [26] and it has several problems when applied to metamorphic rocks, primarily in granulites [46] . Nevertheless, meaningful data from the Agto granulite (West Greenland) were previously reported [47] . Compositions of enstatite and augite in textural equilibrium at the Spruce Road deposit indicate 900-1000 • C temperature up to 15 m from the intrusion-footwall contact and 700-750 • C temperature in the distal part of the contact aureole (up to 97 m from the intrusion-footwall contact). A systematic variation of temperature with depth was also observed in the barren charnockite. At 68 and 107 m below the intrusion-footwall contact the temperature was around 800 • C and 700 • C, respectively. Temperatures obtained with the two-pyroxene thermometers fit well to the previous temperature estimations [47] . As it is presented below, other thermometers confirmed the applicability of this method in the studied sections.
The theoretical and practical background of the Titanium-in-quartz thermometer has been published previously [27] and successfully applied to magmatic and metamorphic conditions. Applicability of the Ti-in-quartz thermometer for partially molten pelitic rocks was presented previously [48] . Ti content of quartz in Ti-saturated systems (in the presence of Ti bearing mineral phases, e.g., rutile, titanite) varied systematically with the formation temperature of the quartz crystal. Temperatures were calculated using the equation
where X qtz Ti is the Ti concentration in quartz and a TiO 2 is the activity of TiO 2 of the system. In the presence of rutile, a TiO2 is 1. In rocks where rutile is absent, but other Ti-bearing minerals like ilmenite or titanite are present, a TiO 2 will vary between 0 and 1. According to studies [26] , in silicic igneous rocks, activity of 0.5 or higher is seen to be relevant. Purity (inclusions) and homogeneity (lack of growth zonation) of the analyzed quartz was checked by SEM and SEM-CL.
The results of the Titanium-in-quartz geothermometer (Table 2 ) agreed with the two-pyroxene thermometry estimations in the barren charnockite. However, slight temperature differences were detected between symplectitic quartz and melt pools where the calculated data overlap was within one sigma error. The crystallization temperature was around 825 ± 17 • C for the quartz in a partial melt pool up to 7 m from the intrusion-footwall contact in the mineralized drill core, and temperatures up to 727 ± 14 • C in the barren drill core reinforced that the maximum temperatures were lower in the barren drill core.
Apatite and biotite grains in the metapelite, barren, and mineralized charnockite that were in direct contact were selected for biotite-apatite thermometry, and hence their equilibrium was assumed during their crystallization (Figure 3a-c) . This thermometer had been used successfully for many types of high temperature magmatic-metamorphic-hydrothermal systems [28, [49] [50] [51] , because apatite is less prone to low temperature subsolidus re-equilibration than silicates. The temperatures were calculated using the equation [28] : X F and X OH are mole fractions of F and OH in apatite and biotite. The pressure was set to 1.8 kbar according to pressure estimations [9, 38] based on fluid inclusion studies. The largest error in the estimates is due to the analysis of F measurements, especially if the concentration of the fluorine is close to the detection limit of the WDX.
In the barren charnockite, the results of the biotite-apatite geothermometer showed remarkable agreement with the results of the two-pyroxene and titanium in quartz thermometers (Figure 8 ). Close to the contact (up to 10 m) the temperatures exceeded 800 • C. With increasing depth, the decrease of the temperature gradient became modest and the temperature decreased to around 650 • C at 120 m from the intrusion-footwall contact. In the metapelite, only a short segment was analyzed but the temperatures were comparable with the barren charnockite-the temperature decreased from 800 • to around 700 • C beneath the contact (Figure 8 ).
In the mineralized drill core, there was a significant difference in the temperatures estimated by the two-pyroxene and the apatite-biotite thermometer (Figure 8 ). The apatite-biotite thermometer provided temperatures (600-720 • C) that were around 200 • C lower than those obtained with the two-pyroxene thermometer and estimated earlier [16] . The difference could be the result of: (1) two-pyroxene thermometer was not calibrated for high temperature contact metamorphic processes and hence its applicability is questionable, (2) even if the most idiomorphic pyroxene crystals were selected for analysis, incomplete alteration of biotite I to pyroxene or retrogression of pyroxene to biotite or amphibole may affect the equilibrium compositions, (3) the two-pyroxene thermometer represents the peak metamorphic temperature, whereas the biotite-apatite thermometer infers retrograde metamorphic temperatures postdating the peak metamorphic temperatures, (4) multiple processes: e.g., the mineralized zones were the sites of magma channels thus several pulses of magma were driven there causing variation in temperature and slower cooling compared to the barren zones which were upheated once and then cooled monotonously. Figure 8 . Variation of temperature in the footwall of the studied drill cores using titanium-in-quartz, two-pyroxene, and biotite-apatite thermometers. The top of the plots coincides with the intrusionfootwall contact.
Discussion
Petrographic Evidence and Evaluation of the Temporal-Spatial Extent of the Partial Melting
Several petrographic and textural differences exist between the studied barren (Dunka Pit, NM-57 drill core) charnockitic and metapelitic rocks and the mineralized (Spruce Road, WM-002 drill core) charnockitic rocks. Textural signs of partial melting, including partial melt films, pools, partial melt pockets, and symplectitic intergrowths between quartz and feldspars, are abundant up to 100 m from the intrusion-footwall contact in the mineralized drill cores. Although local segregation of leucosome and melanosome is observed in the barren charnockite up to 30 m from the intrusion-footwall contact, textural evidence of partial melting diminishes with increasing depth to finally disappear 100 m from the contact. Another striking difference is in the mafic mineral assemblage. In the mineralized charnockite, pyroxene crystals are euhedral and free of resorbed biotite I or hornblende crystals. Contrarily, in the barren charnockite, pyroxene crystals, rich in resorbed biotite I, indicate that metamorphic reactions were not complete. This can be explained by: (1) the different fugacity of fluids during the contact metamorphism, i.e., the fluids acted as catalysts of mineral reactions in the mineralized drill core and/or (2) the rock did not remain hot enough and metamorphic mineral reactions were incomplete.
Evaluation of Temperature During Partial Melting
The peak temperature of the contact metamorphism can be estimated semi-quantitatively on the basis of experimental studies if the parent rock composition is known. The South Kawishiwi intrusion at the Birch Lake area is in contact with hornblende-adamellite-granodiorite [36] . According to previous studies [16, 52] , the orthopyroxene, clinopyroxene, and melt could have formed during the following model reaction:
hornblende + biotite + quartz + orthoclase + Ab from plagioclase = clinopyroxene + orthopyroxene + plagioclase + magnetite + melt
Experimental studies on meta-greywackes in the pressure range between 1 to 3 kbar indicated that the breakdown of biotite starts between 800 and 925 °C [53] [54] [55] . Hornblende breakdown in most intermediate composition amphibolites below 5 kbar is initiated at 850 °C [53] . Thus, comparing results of petrographic observations and experimental studies cited above, co-existing orthopyroxene + clinopyroxene + plagioclase + magnetite + melt (that further crystallized to quartz + K-feldspar + plagioclase), as well as the corroded biotite I, indicate the minimum temperature of charnockitization was above 800 °C.
Experimental studies on the stability relationships of ferromagnesian mineral assemblages in synthetic granitic compositions at 2 kbar pressure [25] are comparable with the pressures around 1.6-2 kbar in the footwall of the South Kawishiwi intrusion [38] . Also, the chemical and modal compositions of Figure 8 . Variation of temperature in the footwall of the studied drill cores using titanium-in-quartz, two-pyroxene, and biotite-apatite thermometers. The top of the plots coincides with the intrusion-footwall contact.
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Evaluation of Temperature During Partial Melting
Experimental studies on meta-greywackes in the pressure range between 1 to 3 kbar indicated that the breakdown of biotite starts between 800 and 925 • C [53] [54] [55] . Hornblende breakdown in most intermediate composition amphibolites below 5 kbar is initiated at 850 • C [53] . Thus, comparing results of petrographic observations and experimental studies cited above, co-existing orthopyroxene + clinopyroxene + plagioclase + magnetite + melt (that further crystallized to quartz + K-feldspar + plagioclase), as well as the corroded biotite I, indicate the minimum temperature of charnockitization was above 800 • C.
Experimental studies on the stability relationships of ferromagnesian mineral assemblages in synthetic granitic compositions at 2 kbar pressure [25] are comparable with the pressures around 1.6-2 kbar in the footwall of the South Kawishiwi intrusion [38] . Also, the chemical and modal compositions of the granite in the experiments are comparable with the parent rock compositions of the Giants Range batholith (Table 5 ). Experimental studies show that orthopyroxene, clinopyroxene, plagioclase, ± biotite, and melt are in equilibrium in water undersaturated conditions (<4 wt. % H 2 O) between 800 and 850 • C [24] . The stability field of biotite + clinopyroxene + orthopyroxene + plagioclase + K-feldspar + melt assemblage ranges from 740 to 820 • C (Figure 9 ).
In line with previous experimental studies [52] [53] [54] [55] , the observed mineral assemblage (orthopyroxene + clinopyroxene + (resorbed) biotite I + plagioclase + partial melt) in the mineralized charnockite indicates that the mineral assemblage formed between 800 to 850 • C and that the system was vapor undersaturated (<4 wt. % H 2 O). The lack of biotite in some samples or the presence of resorbed biotite I indicate that the temperature could be slightly higher but low vapor saturation or the duration of the peak metamorphic conditions hindered the complete biotite breakdown reactions. Biotite I is partially replaced by orthopyroxene in the barren charnockite. This feature, together with the occurrence of K-feldspar, indicate slightly lower temperatures (740-820 • C) in the unmineralized charnockite.
The two-pyroxene and titanium-in-quartz thermometers also support the temperature variations deduced from the mineral parageneses ( Figure 9 ). In the barren charnockite the maximum temperatures were around 800 • C, whereas in the mineralized charnockite the temperature exceeded 900 • C during the contact metamorphism. Results of previous fluid inclusion studies [39] further support the high (810-920 • C) peak metamorphic conditions in the mineralized charnockite.
The temperature values obtained by the two-pyroxene thermometry and by the apatite-biotite thermometry are significantly different in the mineralized charnokite of the WM-002 drill core. The occurrence of biotite II close to the contact suggests that biotite may have had formed as a result of the following melt-back reaction:
orthopyroxene + K-feldspar + melt = biotite + quartz (4) Therefore, the temperature obtained by means of the apatite-biotite thermometer represents the early-retrograde phase of the contact metamorphism, when fluids re-entered into the dehydrated charnockitic footwall, and not the earlier peak metamorphic conditions marked by synchronous formation of ortho-and clinopyroxene. The temperature values obtained by the two-pyroxene thermometry and by the apatite-biotite thermometry are significantly different in the mineralized charnokite of the WM-002 drill core. The occurrence of biotite II close to the contact suggests that biotite may have had formed as a result of the following melt-back reaction:
orthopyroxene + K-feldspar + melt = biotite + quartz (4) Therefore, the temperature obtained by means of the apatite-biotite thermometer represents the early-retrograde phase of the contact metamorphism, when fluids re-entered into the dehydrated charnockitic footwall, and not the earlier peak metamorphic conditions marked by synchronous formation of ortho-and clinopyroxene.
Based on the above considerations, two major differences can be recognized regarding the temperatures in barren and mineralized footwall zones. Firstly, the temperature adjacent to the intrusion-footwall contact was higher by around 100 °C at the Spruce Road deposit in the mineralized footwall (WM-002 drill core) compared to the barren footwall at the contact in the Dunka Pit deposit. Secondly, the abundant occurrence of partial melt pocket and biotite-bearing leucosome up to 100 m from the contact indicate a spatially more extended partial melting process, i.e., persistent high temperatures even far from the intrusion-footwall contact at the Spruce Road deposit. Conversely, in the barren charnockite and in the barren metapelite, rare petrographic evidence of partial melting Based on the above considerations, two major differences can be recognized regarding the temperatures in barren and mineralized footwall zones. Firstly, the temperature adjacent to the intrusion-footwall contact was higher by around 100 • C at the Spruce Road deposit in the mineralized footwall (WM-002 drill core) compared to the barren footwall at the contact in the Dunka Pit deposit. Secondly, the abundant occurrence of partial melt pocket and biotite-bearing leucosome up to 100 m from the contact indicate a spatially more extended partial melting process, i.e., persistent high temperatures even far from the intrusion-footwall contact at the Spruce Road deposit. Conversely, in the barren charnockite and in the barren metapelite, rare petrographic evidence of partial melting (quartz-plagioclase symplectite, partial melt films) and the presence of inclusion-rich pyroxene all suggest that the metamorphic reactions remained incomplete.
The temperature differences between the mineralized and barren footwall zones can be best explained adopting the magma conduit model [1, 12, 13] . Based on this model, we suggest that beyond the mineralized footwall at the Spruce Road deposit a magma conduit existed with streaming, sulfide-rich magma. The continuous magma replenishment in the magma conduit may have maintained the high temperature in the footwall for an extended time period. Persistent or cyclic reheating of the footwall supported the partial melting and hence the formation of a "permeable" rock volume. Sulfide liquid may have penetrated into the footwall using this permeability, even 100 m from the basal contact of the intrusion.
In contrast, at the Dunka Pit and Serpentine deposits, where the footwall remained barren, probably no magma conduit was present at the bottom of the intrusion. Therefore, the time interval when the footwall was continuously in contact with hot magma was much shorter, and this impeded the formation of a broad, partially-molten permeable zone.
It should also be considered that the temperature of the sulfide melt segregated from the parent intrusion was certainly at least 1100 • C. Cooling below 1100 • C generated precipitation of the mono-sulfide solid solution with low Pd/Rh ratios and enrichment of Cu, Pd, and Pt in the residual sulfide melt. Crystallization of the copper-rich intermediate sulfide solution phase, characterized by higher Pd/Rh ratios, begins at around 900 • C. Thus, mobility of sulfide droplets and residua sulfide liquids is possible at around and above 900 • C, but it is less probable as conditions cools below 900 • C [56] . This is in a good agreement with restriction of mineralization to those zones of the footwall, where the temperature reached or was exceeded 900 • C. In the mineralized charnockite at the Spruce Road deposit, the above delineated compositional evolution of the sulfide liquid was observed [22] . In the proximal zones, the sulfide liquid crystallized to pyrrhotite + pentrlandite + chalcopyrite, and with increasing distance, mainly chalcopyrite (+PGM) crystallized from the low temperature and low viscosity sulfide liquid.
Sulfide compositional variations in relation to sulfide liquid evolution and decreasing temperatures in mafic igneous complexes have been shown at other localities, such as Noril'sk [57] and Sudbury [11, 58, 59] . Infiltration of sulfide into partially molten footwall rocks was observed at the Bushveld complex [11] .
However, it has to be noted that bornite, observed in the distal part of the mineralized WM-002 drill core, cannot crystallize from sulfide liquid [60] [61] [62] . Therefore, the presence of bornite is likely the result of mineral replacement reactions from the primary sulfides (mainly chalpoyrite), due to fluid alteration at lower temperatures [63] . Nevertheless, the experiments referred to above do not involve the effect of F, Cl, and other halogen elements that may dramatically influence the onset of breakdown reactions. The deduced temperature ranges are only rough estimations, and the effect of the halogens will be discussed later in this paper.
Several lines of evidence presented above, including formation of clino-and orthopyroxene, and almost pure CO 2 fluid inclusions in syn-metamorphic quartz [39] , show that during the peak of the metamorphism the system was H 2 O undersaturated. However, euhedral biotite II replacing the orthopyroxene indicates that subsequent to the formation of the pyroxene, aqueous fluids entered into the system and the biotite formed as a result of melt-back reaction. Halogens in these early retrograde fluids could affect the solidus of the footwall granite [64] [65] [66] [67] and also affect the transport of base and precious metals in the mineralized section of the Spruce Road area. In order to monitor the activity of the halogens during this early phase of retrograde metamorphism, the halogen content of the biotite II and apatite were investigated.
In the metapelite, the euhedral lath shape of biotite occurring in the leucosome indicates formation of biotite II during the contact metamorphism. A positive correlation between fluorine concentration and Mg# ( Figure 6 ) and the negative correlation between Mg# and chlorine concentration of biotite II indicates that as a result of the "Fe-F and Mg-Cl avoidance rule" [68, 69] , the chlorine and fluorine content of the biotite are only a function of the temperature. However, in the mineralized charnockitic samples, the Mg# shows positive correlation with the chlorine content of biotite II. Therefore, the chlorine content of biotite II could have also been controlled by the halogen fugacities of the syn-or early retrograde metamorphic fluids.
The F/Cl and the F/OH ratios of biotite are widely used to determine the variation of f (H 2 O)/f (HF) and f (H 2 O)/f (HF) ratios of fluids in equilibrium with biotite [49, 68, 69] . For fugacity ratio calculations, only the euhedral and subhedral rosette-like biotite II were selected. This replaces orthopyroxene and could, therefore, be in equilibrium with the high-temperature metamorphic fluids during the earliest phase of the retrograde metamorphism. Resorbed and corroded prograde biotite I in the core of the orthopyroxene is not included in the calculation because it does not reflect high-temperature equilibrium with early retrograde metamorphic fluids. The log(f HF /f HCl ) fluid and log(f H2O /f HF ) fluid of metamorphic fluids is calculated for the mineralized charnockitic samples, assuming an equilibrium temperature of 850 • C for the proximal samples and 750 • C for the distal samples. For the barren charnockitic samples, no fugacity values are calculated due to the very low Cl content of biotite.
Equations for calculation of fugacity ratios [49] [50] [51] 68, 69] are given below:
log(f HF /f HCl ) fluid = 1000/T[1.22 + 1.65(X Mg ) biotite ] + 0.25 + log(X F /X Cl ) biotite (5) log(f H2O /f HF ) fluid = 1000/T[2.37 + 1.1(X Mg ) biotite ] + 0.43 − log(X F /X OH ) biotite (6) where T is temperature ( • K) of the halogen exchange, X Mg is the mole fraction of Mg in the octahedral site and X H2O , X F, and X Cl are mole fractions of OH, F, and Cl in the hydroxyl site of biotite. Variation of the obtained log(f HF /f HCl ) values as a function of distance from the contact is plotted in Figure 10 . concentration and Mg# ( Figure 6 ) and the negative correlation between Mg# and chlorine concentration of biotite II indicates that as a result of the "Fe-F and Mg-Cl avoidance rule" [68, 69] , the chlorine and fluorine content of the biotite are only a function of the temperature. However, in the mineralized charnockitic samples, the Mg# shows positive correlation with the chlorine content of biotite II. Therefore, the chlorine content of biotite II could have also been controlled by the halogen fugacities of the syn-or early retrograde metamorphic fluids. The F/Cl and the F/OH ratios of biotite are widely used to determine the variation of f(H2O)/f(HF) and f(H2O)/f(HF) ratios of fluids in equilibrium with biotite [49, 68, 69] . For fugacity ratio calculations, only the euhedral and subhedral rosette-like biotite II were selected. This replaces orthopyroxene and could, therefore, be in equilibrium with the high-temperature metamorphic fluids during the earliest phase of the retrograde metamorphism. Resorbed and corroded prograde biotite I in the core of the orthopyroxene is not included in the calculation because it does not reflect high-temperature equilibrium with early retrograde metamorphic fluids. The log(fHF/fHCl)fluid and log(fH2O/fHF)fluid of metamorphic fluids is calculated for the mineralized charnockitic samples, assuming an equilibrium temperature of 850 °C for the proximal samples and 750 °C for the distal samples. For the barren charnockitic samples, no fugacity values are calculated due to the very low Cl content of biotite.
log(fHF/fHCl)fluid = 1000/T[1.22 + 1.65(XMg)biotite] + 0.25 + log(XF/XCl)biotite (5) log(fH2O/fHF)fluid = 1000/T[2.37 + 1.1(XMg)biotite] + 0.43 − log(XF/XOH)biotite (6) where T is temperature (°K) of the halogen exchange, XMg is the mole fraction of Mg in the octahedral site and XH2O, XF, and XCl are mole fractions of OH, F, and Cl in the hydroxyl site of biotite. Variation of the obtained log(fHF/fHCl) values as a function of distance from the contact is plotted in Figure 10 . Figure 10 . F/Cl in biotite (on the basis of apfu) versus log(fHF/fHCl)fluid diagram for the B1-178 and WM-002 drill cores for the fluids that last equilibrated with the biotite. Note that with increasing depth (distance from the intrusion-footwall contact shown as meter values next to the delineated groups of data points), the log(fHF/fHCl)fluid is increasing, i.e., the activity of chlorine is decreasing. Positive correlation between F/Cl biotite and log(fHF/fHCl) proves that independent of the F-Cl avoidance effects, the F/Cl ratio in biotite is simply the function of the F/Cl ratio of the parent metamorphic fluids.
The two halogens (F, Cl) affect the liquidus of a haplogranite system in opposite ways; adding volatiles to the system like F or Li may result in decreasing of the solidus [64, 67] . In turn, according to experimental studies in the haplogranite-H2O-NaCl-KCl system, rising chlorine content of the fluid phase present at shallow crustal conditions (0.5-2 kbar) increases the melting temperature [67] . The log(fHF/fHCl) clearly increases with depth in the mineralized charnockite, therefore the increasing activity of the fluorine may have supported melting of the granite, even in the distal zones of the contact aureole (up to 125 m). Evaluation of the log(fHF/fHCl) ratio in the barren charnockite was not possible as the chlorine concentration in the biotite was under the detection limit. In the Figure 10 . F/Cl in biotite (on the basis of apfu) versus log(f HF /f HCl ) fluid diagram for the B1-178 and WM-002 drill cores for the fluids that last equilibrated with the biotite. Note that with increasing depth (distance from the intrusion-footwall contact shown as meter values next to the delineated groups of data points), the log(f HF /f HCl ) fluid is increasing, i.e., the activity of chlorine is decreasing. Positive correlation between F/Cl biotite and log(f HF /f HCl ) proves that independent of the F-Cl avoidance effects, the F/Cl ratio in biotite is simply the function of the F/Cl ratio of the parent metamorphic fluids.
The two halogens (F, Cl) affect the liquidus of a haplogranite system in opposite ways; adding volatiles to the system like F or Li may result in decreasing of the solidus [64, 67] . In turn, according to experimental studies in the haplogranite-H 2 O-NaCl-KCl system, rising chlorine content of the fluid phase present at shallow crustal conditions (0.5-2 kbar) increases the melting temperature [67] . The log(f HF /f HCl ) clearly increases with depth in the mineralized charnockite, therefore the increasing activity of the fluorine may have supported melting of the granite, even in the distal zones of the contact aureole (up to 125 m). Evaluation of the log(f HF /f HCl ) ratio in the barren charnockite was not possible as the chlorine concentration in the biotite was under the detection limit. In the unmineralized metapelite, however, no linear correlation was observed between the F/Cl, log(f HF /f HCl ), and depth.
Variation of the log(f H2O /f HF ) fluid ratios similar to the F/OH ratios show two different trends. With increasing depth in the mineralized charnockite, the log(f H2O /f HF ) fluid ratios decrease, whereas log(f H2O /f HF ) fluid ratio increases in the barren charnockite (Figure 11) . Therefore, in the distal zones of the mineralized drill cores, the fugacity of fluorine in the fluids in equilibrium with biotite II was higher than in the proximal zones. This variation might be due to differences of the fluid migration paths in the footwall. unmineralized metapelite, however, no linear correlation was observed between the F/Cl, log(fHF/fHCl), and depth. Variation of the log(fH2O/fHF)fluid ratios similar to the F/OH ratios show two different trends. With increasing depth in the mineralized charnockite, the log(fH2O/fHF)fluid ratios decrease, whereas log(fH2O/fHF)fluid ratio increases in the barren charnockite (Figure 11) . Therefore, in the distal zones of the mineralized drill cores, the fugacity of fluorine in the fluids in equilibrium with biotite II was higher than in the proximal zones. This variation might be due to differences of the fluid migration paths in the footwall. Figure 11 . Variation of log(fH2O/fHF)fluid calculated on the basis of biotite halogen ratios as a function of depth in the footwall section of the studied drill cores. The top of the plots coincides with the intrusion-footwall contact. Note that the log(fH2O/fHF)fluid increases only in the barren NM-57 drill core, i.e., with increasing depth, the fugacity of F decreases. In the mineralized drill cores, the decreasing log(fH2O/fHF)fluid suggests increasing F fugacity in the distal part of the footwall.
Variation of Halogen Fugacity of the Syn-Metamorphic Fluids in the Footwall on the Basis of Halogen Concentrations in Apatite
Fluorine and chlorine partitioning between fluid and minerals is mainly influenced by pH, pressure, and fluid halogen compositions [28] . Furthermore, concentration of fluorine and chlorine in apatite is independent of the host mineral chemistry. As pH and pressure can be taken as constant, halogen ratios in apatite that crystallizes during the peak-or during early-retrograde metamorphism will reflect the halogen concentrations of the post/syn-metamorphic fluids. Therefore, apatite is a powerful mineral for monitoring and calculating the halogen fugacity variations and Cl molalities in various magmatic and hydrothermal systems [4, 28, [49] [50] [51] 69, 70] .
In order to use the halogen ratios, the metamorphic origin of apatite has to be proven. In the studied drill cores, apatite is intimately intergrown with rosette-like biotite II. This rosette-like biotite II is formed by crystallization from the partial melt or by retrograde alteration of orthopyroxene. The apatite intergrown with biotite is euhedral, with no corrosion texture on the crystal edges. Therefore, the apatite in the drill cores grew probably during, or subsequent to, the contact metamorphism. A systematic increase in the abundance of chlorine and Cl/F ratio in the apatite with depth in the mineralized charnockite ( Figure 6 ) has been documented, whereas both parameters decrease systematically in the barren charnockite and metapleite.
Under metamorphic conditions, halogen compositions of apatite typically fall along the F-OH join and are characteristically F-rich [71] . This is also true for the apatite in granite far (15 km) from the Duluth Complex (Table 4. ). During the crystallization of apatite, Cl and OH are generally excluded from the crystal structure owing to the larger ionic radii of Cl and OH relative to F, and the Cl partition into the fluid phase [71, 72] . However, the Cl/F and Cl/OH ratio is also a function of the salinity, temperature, pressure, and activity of the HCl of the syngenetic fluids. The fugacity ratio fHCl/fH2O of the syngenetic fluids coexisting with apatite can be calculated according to [72] Figure 11 . Variation of log(f H2O /f HF ) fluid calculated on the basis of biotite halogen ratios as a function of depth in the footwall section of the studied drill cores. The top of the plots coincides with the intrusion-footwall contact. Note that the log(f H2O /f HF ) fluid increases only in the barren NM-57 drill core, i.e., with increasing depth, the fugacity of F decreases. In the mineralized drill cores, the decreasing log(f H2O /f HF ) fluid suggests increasing F fugacity in the distal part of the footwall.
Under metamorphic conditions, halogen compositions of apatite typically fall along the F-OH join and are characteristically F-rich [71] . This is also true for the apatite in granite far (15 km) from the Duluth Complex (Table 4. ). During the crystallization of apatite, Cl and OH are generally excluded from the crystal structure owing to the larger ionic radii of Cl and OH relative to F, and the Cl partition into the fluid phase [71, 72] . However, the Cl/F and Cl/OH ratio is also a function of the salinity, temperature, pressure, and activity of the HCl of the syngenetic fluids. The fugacity ratio f HCl /f H2O of the syngenetic fluids coexisting with apatite can be calculated according to [72] : 
where X Ap Cl Ap and X Ap H Ap are the mole fractions of chlor-and hydroxylapatite, T is the temperature of apatite crystallization (Kelvin), and P is the pressure (bars). The temperature in all drill cores was calculated at a fixed pressure of 1700 bars, according to the calculations in a previous study [38] . An average temperature of halogen exchange was considered to be 850 • C in the mineralized charnockite and in the metapelite, and 750 • C in the barren charnockite. Variation in temperature as a function of depth was neglected in this calculation since 100-150 • C variation does not affect the calculations significantly.
The variation of the f HCl /f H2O ratio (Figure 12 ) in the drill cores prove that: (1) the f HCl /f H2O ratio of the syn-metamorphic fluid was low in all drill cores, and (2) the f HCl /f H2O ratio of the fluids increases with increasing depth in the charnockite but does not vary considerably in the barren charnockite and in the metapelite. This implies that during the peak-or early-retrograde metamorphism, external fluids with higher HCl fugacity mixed with local syn-metamorphic fluids, characterized by lower HCl fugacity at the Spruce Road deposit. The lack of mixing of fluids with contrasting HCl fugacities shows that the unmineralized sites of the footwall at the Dunka Pit and Serpentine deposits were less exposed to the percolation of external fluids. This might be due to the lower peak temperature of the metamorphism at these deposits, or due to local hydrogeological reasons (orientation of fractures or fracture controlled permeability). where and are the mole fractions of chlor-and hydroxylapatite, T is the temperature of apatite crystallization (Kelvin), and P is the pressure (bars). The temperature in all drill cores was calculated at a fixed pressure of 1700 bars, according to the calculations in a previous study [38] . An average temperature of halogen exchange was considered to be 850 °C in the mineralized charnockite and in the metapelite, and 750 °C in the barren charnockite. Variation in temperature as a function of depth was neglected in this calculation since 100-150 °C variation does not affect the calculations significantly.
The variation of the fHCl/fH2O ratio ( Figure 12 ) in the drill cores prove that: (1) the fHCl/fH2O ratio of the syn-metamorphic fluid was low in all drill cores, and (2) the fHCl/fH2O ratio of the fluids increases with increasing depth in the charnockite but does not vary considerably in the barren charnockite and in the metapelite. This implies that during the peak-or early-retrograde metamorphism, external fluids with higher HCl fugacity mixed with local syn-metamorphic fluids, characterized by lower HCl fugacity at the Spruce Road deposit. The lack of mixing of fluids with contrasting HCl fugacities shows that the unmineralized sites of the footwall at the Dunka Pit and Serpentine deposits were less exposed to the percolation of external fluids. This might be due to the lower peak temperature of the metamorphism at these deposits, or due to local hydrogeological reasons (orientation of fractures or fracture controlled permeability). Figure 12 . Variation of the (fHCl/fH2O)fluid ratios of the fluids in equilibrium with apatite during metamorphism. The top of the plots coincides with the intrusion-footwall contact. Fugacity of chlorine shows a distinct increasing trend with increasing depth in the footwall in the studied mineralized drill cores. In the barren drill core, however, the (fHCl/fH2O)fluid ratio decreases.
Molality of HCl (
) of the syn-metamorphic fluid can be calculated invoking the LewisRandall rule and assuming that the fugacity coefficient ratio is 1:
The molality of the two samples, having the highest (fHCl/fH2O)fluid (0.014 in the mineralized charnockite) and the lowest (fHCl/fH2O)fluid (0.000243 in the metapelite) was calculated. The (fHCl/fH2O)fluid ratio of 0.014 and 0.000243 based on Equation (8) corresponds to a molality of 0.81 and 0.13 ( ), respectively. Assuming that the cations in the syn-metamorphic fluids were all monovalent Na ions, the salinity of the fluids expressed in NaCl as equivalent weight % can be calculated. The molality of 0.81 recalculated to weight percent is 0.84 NaCl equivalent weight % and the molality of 0.13 corresponds to 0.14 NaCl equivalent weight %.
Implication of the Variation of Halogens in the Early-Retrograde Fluids on the Cu-Ni-PGE Mineralization in the Charnockitic Footwall
Apatite formed under metamorphic and magmatic conditions are characteristically fluorine-rich [61] . Accordingly, apatite in the uncontaminated footwall granite is F-rich, with chlorine concentrations near to the detection limit of the SEM-EDX. Therefore, the metamorphic fluids in the mineralized charnockite at the Spruce Road deposit could not be solely responsible for the observed halogen concentration ratios, and variations in the apatite and another fluid must be involved. 
The molality of the two samples, having the highest (f HCl /f H2O ) fluid (0.014 in the mineralized charnockite) and the lowest (f HCl /f H2O ) fluid (0.000243 in the metapelite) was calculated. The (f HCl /f H2O ) fluid ratio of 0.014 and 0.000243 based on Equation (8) corresponds to a molality of 0.81 and 0.13 (m aq HCl ), respectively. Assuming that the cations in the syn-metamorphic fluids were all monovalent Na ions, the salinity of the fluids expressed in NaCl as equivalent weight % can be calculated. The molality of 0.81 recalculated to weight percent is 0.84 NaCl equivalent weight % and the molality of 0.13 corresponds to 0.14 NaCl equivalent weight %. Apatite formed under metamorphic and magmatic conditions are characteristically fluorine-rich [61] . Accordingly, apatite in the uncontaminated footwall granite is F-rich, with chlorine concentrations near to the detection limit of the SEM-EDX. Therefore, the metamorphic fluids in the mineralized charnockite at the Spruce Road deposit could not be solely responsible for the observed halogen concentration ratios, and variations in the apatite and another fluid must be involved.
Variation of halogen concentrations and salinities of fluids in the footwall of other mafic intrusions were also reported [3, 5, [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] . The candidates for the source of fluids in these studies are: (1) magmatic fluids that exsolved from the mafic intrusion, (2) magmatic fluids that exsolved from the sulfide liquid, (3) regional groundwater-metamorphic fluids, or (4) fluids released during partial melting. Magmatic fluids exsolving from the sulfide liquid do not explain the halogen variations in the barren charnockite and are unlikely voluminous enough to result in variations in the studied extent [79, 80] . However, the strong textural relationship between the chalcopyrite + bornite + PGM assemblage and biotite (Figure 3d ) suggest that some fluids may have had exsolved from the sulfide liquid. Alternatively, the sulfide-biotite association might simply reflect the effectiveness of sulfide liquid infiltration, where partial melt porosity was more developed in the footwall rocks. Magmatic fluids exsolving from the mafic magma often transport voluminous base and precious metals and are responsible for chromatographic separation of these metals [81] [82] [83] [84] [85] [86] . As a result of the segregation of the chlorine-rich fluid, the apatite at the place of segregation is fluorine-rich. The degassed chlorine-rich fluid can transport significant amounts of sulfur and PGE, at least on a local scale. Once the degassed fluid encounters physical-chemical discontinuity (change in fluid saturation, temperature) the S, base metals, and PGE will precipitate [80] . However, major drawbacks of the application of this model in the footwall are that: (1) fluids migrate primarily upwards in the studied mafic-ultramafic systems (Bushveld and Stillwater Complexes), (2) mineralization in the referred intrusions are reef-type, whereas the texture of the sulfide ore is disseminated and no distinct reef-type or stratiform ore was observed in the footwall. Fluids released during the dehydration of the footwall granite are also unlikely to assist to the mineralization because: (1) they were probably not voluminous enough, and (2) the opposite trends of halogen ratio variations (increase of Cl/F ratios with depth) are not conformable with this model (upward increase of the Cl/F ratios).
Finally, the fourth source of the fluids could be the dehydration of H 2 O and OH bearing minerals (biotite and amphiboles) during the contact metamorphism. Mineral reactions (e.g., Equation (3)) result in the liberation of H 2 O from hydrous minerals. Furthermore, strong temperature variations and mineral zonation in the contact aureole can led to variation of Cl/F ratios and their activities.
Local convection cells might be also responsible for the contrasting halogen-ratio variations in the barren vs. mineralized charnockite. Fluor-rich apatite far from the contact is likely of granitic origin that was not in contact with high salinity formational fluids. Apatite Cl/F ratios at the Dunka Pit and Serpentine deposits either reflect the magmatic and metapelitic very low Cl/F ratios, or only low salinity fluids at this segment of the contact aureole, derived from the intrusion, were present during the contact metamorphism. The most probable candidate responsible for the high Cl/F concentration of apatite and biotite is saline groundwater, which is characteristic of the Archean shield [85] . These fluids may have continuously percolated into the contact aureole and mixed with low salinity local fluids [86] that may have exsolved from the intrusion or liberated during the contact metamorphism.
There are only limited experimental results on the high temperature mobility and complexing of PGEs. Experimental studies [87, 88] , observations on natural systems in the Bushveld Complex [89] , and the Sudbury Igneous Complex [5, 90] showed that at the high temperature magmatic-hydrothermal transition, high-salinity volatiles can potentially transport economically significant amounts of Pt, Pd, and Au at moderately oxidizing conditions. Transport at these temperatures (600-1000 • C) is controlled primarily by HCl or hydroxide complexes, but with decreasing temperature, the significance of bisulfide complexes is increasing [38, [91] [92] [93] .
Halogen concentrations in the syn-and early retrograde metamorphic fluids could have been twofold: (1) indirectly, the variation of the Cl/F ratio may have controlled the solidus of the rock and this may have extended the thickness of the permeable zone in which the sulfide liquid penetrated Zsolt and/or (2) metamorphic fluids played a direct role in base and precious metal transport.
As was demonstrated above, the variation of halogen fugacity clearly promoted partial melting in the mineralized charnockite. However, the evaluation of the role of metamorphic fluids in direct base-metals, precious metals, and sulfur transport is more difficult.
The calculated salinities of the syn-metamorphic fluids 0.14-0.84 NaCl equivalent weight % are, however, significantly lower than those observed in the footwall of the Sudbury complex and in the Bushveld or Stillwater complexes [5, 89, 90] . Therefore, the early, syn-metamorphic aqueous fluids probably did not play a significant role in precious metal transport but may have contributed only to the base metal mobilization. The observed covariance of halogen fugacity and Pd/Rh ratios [22] in the mineralized drill core (Figure 13 ) cannot be accounted to the fluid transport of precious metals directly, but to the variations of halogens in the metamorphic fluids that supported melting of the rock and indirectly permitted the sulfide liquid to penetrate and fractionate downwards [22] . The calculated salinities of the syn-metamorphic fluids 0.14-0.84 NaCl equivalent weight % are, however, significantly lower than those observed in the footwall of the Sudbury complex and in the Bushveld or Stillwater complexes [5, 89, 90] . Therefore, the early, syn-metamorphic aqueous fluids probably did not play a significant role in precious metal transport but may have contributed only to the base metal mobilization. The observed covariance of halogen fugacity and Pd/Rh ratios [22] in the mineralized drill core (Figure 13 ) cannot be accounted to the fluid transport of precious metals directly, but to the variations of halogens in the metamorphic fluids that supported melting of the rock and indirectly permitted the sulfide liquid to penetrate and fractionate downwards [22] . Figure 13 . A simplified plot of variation of X Cl and X F in apatite and atomic proportions per formula unit of Cl and F in biotite versus Pd/Rh ratios in the mineralized drill core. Pd/Rh data are from a previous study [22] . The top of the plots coincides with the intrusion-footwall contact. (Po = pyrrhotite, Pn = Pentlandite, Ccp = Chalopyrite, Bn = Bornite, PGM = Platinum Group Minerals).
Conclusions
We investigated whether thermal profiles along the contact zones under the South Kawishiwi intrusion influence the absence or presence of PGE enriched footwall ores. Based on the above considerations, the following conclusions can be drawn: except for the mineralized drill core (WM-002; Spruce Road deposit), all mineral thermometers, including the two-pyroxene, biotite-apatite, and the titanium-in-quartz thermometers, provided consistent and comparable data. These data are consistent with the temperatures derived previously from mineral reactions and fluid inclusion data. The good fit of the data proves that these thermometers are applicable in contact metamorphic aureoles of large mafic intrusions.
In the mineralized segment of the South Kawishiwi intrusion, high temperature (820-950 °C) can be affirmed during the contact metamorphism, whereas in the unmineralized zone of the footwall, the maximum temperature was lower (~800 °C). The new observation confirms that footwall mineralization is confined in some thermally anomalous zones of metamorphosed granitic footwall. The zones are most likely the zones of magma conduits channeling persistent or pulsing magma flow. Sulfide liquid could penetrate from the bottom of these channels into the partially molten charnockite.
Variation of chlorine and fluorine activity in the syn-metamorpohic fluids further enhanced differences in the degree of partial melting. The increasing fluorine concentration in the mineralized Figure 13 . A simplified plot of variation of X Cl and X F in apatite and atomic proportions per formula unit of Cl and F in biotite versus Pd/Rh ratios in the mineralized drill core. Pd/Rh data are from a previous study [22] . The top of the plots coincides with the intrusion-footwall contact. (Po = pyrrhotite, Pn = Pentlandite, Ccp = Chalopyrite, Bn = Bornite, PGM = Platinum Group Minerals).
In the mineralized segment of the South Kawishiwi intrusion, high temperature (820-950 • C) can be affirmed during the contact metamorphism, whereas in the unmineralized zone of the footwall, the maximum temperature was lower (~800 • C). The new observation confirms that footwall mineralization is confined in some thermally anomalous zones of metamorphosed granitic footwall. The zones are most likely the zones of magma conduits channeling persistent or pulsing magma flow. Sulfide liquid could penetrate from the bottom of these channels into the partially molten charnockite.
Variation of chlorine and fluorine activity in the syn-metamorpohic fluids further enhanced differences in the degree of partial melting. The increasing fluorine concentration in the mineralized drill core could have slightly decreased the solidus of the rock and therefore indirectly supported the infiltration of the sulfide liquid into the partially molten charnockite.
Enrichment of Cu, Pd, and Pt in the mineralized segment of the contact aureole are consistent with the sulfide liquid fractional crystallization that was suggested previously [22] . Therefore, evolved sulfide liquids could infiltrate the molten footwall rock through the porosity, and sulfides evolve as temperature decreases away from the contact.
